Abstract: This paper deals with the design of the control system for a joint prototype of ESA space manipulator DELIAN. A joint model is developed, focusing on assessment of joint structural parameters and most important torque disturbances, mainly related to dependence of friction on velocity, position and temperature. Then, analysis and design of the P/PI controller are carried out, giving stability conditions, and proposing an optimal tuning for velocity and position loops, with respect to setpoint tracking and disturbance rejection requirements.
INTRODUCTION
The robotic exploration of Mars has been successfully shown in recent years with significant examples such as the Mars Exploration Rovers (MERs) (Baumgartner et al. (2005) ) and the Mars Science Laboratory (MSL) (Fleischner et al. (2011)) , and has been identified as one of the main objectives for Europe in the field of planetary exploration. For this reason, ESA Mars Robotic Exploration Preparation (MREP) Programme proposes a Technology Development Plan (TDP) identifying key enabling technologies to be developed within Europe to support on-going and future planetary missions. DELIAN (DExterous LIghtweight Arm for exploratioN) project (Rusconi et al. (2015) ), belonging to the theme on robotics and rover technologies of the MREP TDP, aims at developing a general purpose lightweight robotic arm, a device to enable accessibility to the Martian surface for sample acquisition, sample retrieval or instrument deployment, as part of a rover or a lander platform.
The project is conducted by a consortium led by Leonardo SpA (Milan, Italy) . The goal of phase 2 is a detailed design of a single robot joint and its realization following the Engineering Model (EM) standard. Components are selected/customized to achieve a compact and lightweight joint. The design is optimized based on the results of analyses and test campaigns, including functional and environmental testing in Martian conditions. This paper presents the derivation of a control oriented model of a DELIAN joint and discusses control design issues.
DELIAN joints are worth a mechatronic analysis due to their unique features, all coming from the aim of realizing a space arm of few kilograms, with modular structure, to be built and used in a variety of configurations, space applications, and load conditions. These requirements have led, in particular, to the choice of a unique high gear ratio achieved by cascading a planetary gear and a harmonic drive. This configuration entails low overall stiffness and high friction torques, in particular at the low end of the arm operating range (−55
• C -+60
• C).
The lower the stiffness the lower the frequency of the first antiresonance/resonance (A/R) pair, and consequently the lower the velocity and position loop crossover frequencies, though wider bandwidths would be required in order to attenuate large friction torques. This leads to a more critical servo control design tradeoff. On the other hand, the mechatronic analysis suggests a way to modify the mechanical design in order to increase the A/R frequency.
Another peculiarity, affecting the controller design, is the very small inertia ratio, few hundredth for some DELIAN configurations, while the common target in robot joints is one. Fig. 1 shows the joint Engineering Model (Rusconi et al. (2015) ) with its interface allowing for integration into a robotic arm. The architecture is a straight configuration consisting of a Maxon brushed DC motor equipped with a 8 count/rev motor position sensor, nominal voltage/current 24V /0.406A, a planetary gearbox (n pl = 157) and a harmonic drive CPL-2A 17 (n hd = 120). An accurate Anisotropic Magneto Resistive (AMR) angular position sensor, providing a resolution of 0.001
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• , has been integrated directly at the output shaft.
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The size of the motor, without the sensor on the output shaft, fits in a cylinder of diameter 66mm and length 105mm. The overall mass without the harness and interfaces is only 0.68kg for the EM and is expected to be 0.59kg for the Flight Model. The continuous output torque capability is 54Nm. The joint has been designed and manufactured to operate on Mars or Moon environment with a temperature range from −55 • C to +60
• C. Fig. 1 . DELIAN EM joint overview.
Joint linear model
As the joint includes a double reduction stage, a threemass-two-spring model is considered.
A schematic draw of the three-mass servo system is shown in Fig. 2 , where: The model is described, in the time domain, by the following equations: For the two-mass system, the transfer function G M (s) becomes (Magnani et al. (2008 ), Spong (1987 ):
where n = n pl n hd is the gear ratio;
are the motor, load and total moment of inertia, respectively; ρ = J L /(n 2 J M ) is the so called inertia ratio. The overall stiffness K el , referred to the motor axis, is the equivalent stiffness of the series of two springs of stiffness K pl and K hd /n 2 pl , and is given by the following relation:
Note that, when K pl K hd /n 2 pl , the previous relation can be simplified as K el ≈ K hd /n 2 pl pointing out that the transmission component which mostly affects the low A/R frequencies, and thus mainly limits the position control bandwidth, is the harmonic drive. Moreover, decreasing the planetary gearbox ratio and increasing the harmonic drive one, to keep the same overall gear ratio, moves the first A/R pair up, enlarging the available bandwidth.
The zeros of G M (s) are complex, with natural frequency and damping factor given by:
the damping factor being usually smaller than 0.1. Natural frequency and damping of the complex poles are related to ω z and ξ z as follows:
As a consequence, G M (s) is mainly characterized by three parameters, ω z , ξ z and ρ, and by the the current-tovelocity gain K t /D m .
Joint linear model validation
Experimental results, obtained on test setup shown in Fig.  3 , confirmed the validity of the two-mass approximation and allowed to identify uncertain model parameters.
In the test setup, the joint prototype is connected through a helical joint to a bar, supporting relocatable masses, which is representative of load conditions. An additional higher resolution sensor is used to measure bar position. Joint control electronics allows to drive the motor and acquire sensor output data for further analysis.
Natural frequency ω z , also known as locked frequency, and damping factor ξ z were obtained from the response of the load to a torque impulse applied to the bar using an instrumented hammer. The impulse was small enough to avoid back driven motion of the motor and of the planetary gear. The oscillatory behaviour of the load (see Fig. 4 ) can thus be fully ascribed to the harmonic drive compliance. From Fig. 4 it is straightforward to obtain ω z = 34.78, ξ z = 0.0455, and then K el = 1.22e −5 , D el = 3.18e −8 , being J L = 3.5 (all expressed in SI units). Then ω p and ξ p can be computed from (4), being ρ = 0.0197.
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